Thin film magnetic characteristics were studied using polar Magneto-Optic Kerr Effect (MOKE) and SQUID Vibrating Sample Magnetometry (SQUID-VSM) measurements, both before and after the field-cooling process. Here, we show the data obtained for the Ta (1) / Pt (3) / Co (0.7) / Pt (0.3) / IrMn(6) / TaOx(1.5) stack (nominal thicknesses in nm) discussed in the main text.
Creating an in-plane EB in samples with perpendicular magnetic anisotropy (PMA) is more difficult, as the intrinsic anisotropy field needs to be overcome to force the magnetization of the Co layer in the in-plane direction during field-cooling. We therefore applied a large in-plane field of 2.0 T while heating the sample to 225 °C and field-cooling over a period of 30 minutes. Figure 2a) show full remanence, a substantial coercivity . A slight opening is visible in the SQUID-VSM cycle, probably caused by a slight misalignment between the sample surface and the measurement direction. 
Afterwards, OOP MOKE measurements (Supplementary
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The , E b the energy barrier for anti-ferromagnetic grain reversal, k B Boltzmann's constant and T the temperature. We know that our samples are stable for at least several weeks at room temperature, so that ~ 10 s at 300 K, yielding b 34.5
. At a temperature of 650 K, we find ~ 10 ms (see Supplementary Figure 7 ), which is three orders of magnitude larger than the current pulse duration.
Still, we cannot exclude that briefly approaching the Néel temperature has an instantaneous, reversible effect on the exchange bias. One could speculate, for instance, that this would reduce the effective exchange bias due to a reduction of the anti-ferromagnetic ordering within grains, as illustrated in Supplementary Figure 8 . This would contribute towards our findings that the effective exchange bias measured in our switching experiments (roughly 5 mT) is lower than the 50 mT value we measured in thin films at room temperature. However, to our knowledge, such an effect has never been reported on before. 
Supplementary Note 7. Stack optimization
The composition of the material stack used in our experiments is the result of careful optimization of all layer thicknesses. Relevant results are presented here, to provide an overview of the effect of each layer thickness.
Deposition starts with a Ta seed layer, which is commonly used to improve film quality 5 and was found to significantly increase the PMA in our samples. The thickness of this buffer layer was minimized to reduce current shunting effects. This reduces the PMA, but we found that a 1 nm Ta seed layer suffices for our measurements.
The Pt thickness of 3 nm maximizes the spin-Hall effect (SHE); see Supplementary Note 8.
The Co layer was chosen as thin as possible, to maximize both the PMA and the susceptibility to spin currents injected from the interface. MOKE measurements were performed on a sample with a variable Co thickness, which was subjected to the in-plane field cooling process. As shown in Supplementary Figure 12 , a thickness of 0.7 nm yields the largest coercivity and full remanence (M(0)/M s ), indicating that a substantial PMA is obtained for this Co thickness. The thickness of the IrMn layer is crucial to obtain a large and stable EB. We created a sample with a variable IrMn thickness, and annealed it at 225°C in a 0.2 T out-of-plane magnetic field for 30 minutes. This allows us to measure the EB and coercivity as a function of IrMn thickness using polar MOKE, which we found to be a good measure for the properties of an in-plane annealed sample. As shown in Supplementary Figure 13 , the highest EB is obtained for an IrMn thickness of 6 nm. Note that the coercivity peak and negligible EB indicate that the EB is unstable for reduced thicknesses. The reduction in EB observed at higher thicknesses can probably be attributed to changes in microstructure or domain structure in the IrMn A 0.3 nm Pt dusting layer was inserted between the Co and IrMn layers to increase the PMA of the Co layer. Interestingly, this dusting layer was found to significantly reduce the chance of device breakdown at high current densities. Note that this thin layer is not expected to contribute significantly to the net spin current due to scattering, as discussed in Supplementary Note 8.
Finally, the stack is capped with a 1.5 nm Ta layer which is allowed to oxidize naturally, producing a protective yet transparent and non-conductive capping layer.
Supplementary Note 8. Spin current considerations
Owing to the spin-Hall effect, a vertical spin current density J s can be generated from a planar charge current J e in materials with a nonzero bulk spin-Hall angle SH ≡ s e ⁄ . For our thin Pt films, we use the reported 7 value of SH = 0.07. Note that extensive debate exists on this subject, which is beyond the scope of this publication. For ultrathin films, the thickness of the metallic layer affects the net spin current. Spin accumulations are created at the interfaces with adjacent layers, causing spin diffusion that reduces the net spin current significantly if the film thickness is of the order of the spin-diffusion length  sf . Following the approach of Liu et al. 
where d is the Pt layer thickness. From this perspective, a thicker Pt layer is beneficial as it improves the net spin current. However, this also increases the total electric current I e required to produce a certain current density J e , which increases Joule heating and thus the risk of device breakdown. To solve this trade-off, we compute the spin current J s as a function of Pt thickness d while constraining J e to maintain a constant total current I e . The result of this computation is shown in Supplementary Figure 14 . Current shunting through other metallic layers in the stack is taken into account, using a basic calculation where the stack is regarded as a parallel resistor network with appropriate resistances based on bulk conductivities. The optimum value for the Pt thickness is thus determined to be between 3 and 4 nm. The spin current density is computed for constant total current I e . Spin diffusion and current shunting effects are taken into account using simple models. The optimum Pt thickness is found to be between 3 and 4 nm.
In our calculations, we only take into account the spin current generated from the thick Pt layer. This is justified, as contributions from the other layers are negligible. By the diffusion mechanism here, the contribution from the 0.3 nm Pt dusting layer is about thirty times smaller than the contribution from the 3 nm Pt layer. The Ta seed layer is also very thin, and its local conductivity will be significantly reduced due to elastic scattering at the substrate interface.
Finally, although IrMn may exhibit a spin-Hall angle comparable to Pt 8 , its conductivity is more than an order of magnitude lower. Therefore, its contribution to the total current density and total spin current is negligible compared to the Pt.
Supplementary Note 9. Simulation details
As discussed in the main text, following the approach of our earlier work 9 , magnetization dynamics are simulated by solving the Landau-Lifshitz-Gilbert (LLG) equation Finally, note that our choice of distributions for the exchange bias direction and magnitude should be considered an Ansatz based upon our experimental data. Our model suffices to explain the important trends observed in our experiments (see Supplementary Note 6), but the agreement is not perfect. This is particularly visible in the imperfect reproduction of the shape of the highprobability switching region along the exchange bias direction (c.f. Figure 4a and Figure 4c , main text). Further research may result in a more accurate description of the local exchange bias parameters.
